We report the discovery of two new transiting extrasolar planets orbiting moderately bright (V = 10.7 and 12.2 mag) F stars (masses of 1.39 M ⊙ and 1.10 M ⊙ , respectively). The planets have periods of P = 4.7322 d and 4.4087 d, and masses of 0.21 M J and 0.17 M J which are almost half-way between those of Neptune and Saturn. With radii of 1.31 R J and 1.13 R J , these very low density planets are the two lowest mass planets with radii in excess that of Jupiter. Comparing with other recent planet discoveries, we find that sub-Saturns (0.18M J < M p < 0.3M J ) and super-Neptunes (0.05M J < M p ≤ 0.18M J ) exhibit a wide range of radii, and their radii exhibit a weaker correlation with irradiation than higher mass planets. The two planets are both suitable for measuring the Rossiter-McLaughlin effect and for atmospheric characterization. Measuring the former effect would allow an interesting test of the theory that star-planet tidal interactions are responsible for the tendency of close-in giant planets around convective envelope stars to be on low obliquity orbits. Both planets fall on the edge of the short period Neptunian desert in the semi-major axis-mass plane.
INTRODUCTION
One of the startling discoveries in the field of exoplanets is that at fixed mass planets show a very wide spread in radii (and bulk density). For example, within the narrow mass range of 0.85 M J to 0.9 M J , planets have been found with radii ranging from 0.78 R J (WASP-59b; Hébrard et al. 2013 ) up to 2.1 R J (WASP79b; Smalley et al. 2012) . While some variance is expected due to differences in composition, age, and irradiation (e.g., Burrows et al. 2007 ), explaining the very large radius planets remains a puzzle (Spiegel & Burrows 2013) . Observationally the radii of giant planets have been found to correlate tightly with the degree of stellar irradiation, with more highly irradiated planets having larger radii (Kovács et al. 2010 ). While it is unclear to what extent selection effects are responsible for this correlation, most theoretical models do predict larger radii with increased irradiation.
There is some evidence that the influence of irradiation on the planetary radii depends on planetary mass, with super-Jupiters spanning a smaller range of radii than sub-Jupiters (e.g., Huang et al. 2015) . On the other hand, planet mass and radius are essentially uncorrelated for planets with masses greater than Saturn. Below Saturn-mass the radii are observed to decrease, with all planets discovered to date below the mass of Neptune having radii less than 0.85R J , excluding the Kepler-51 system (Masuda 2014) which has unusually bloated planets (with large uncertainties on their masses). However, due to the small number of low-mass transiting planets with precisely measured masses and radii, it has been difficult to draw firm conclusions about the spread in the mass-radius relation below the mass of Saturn or the influence of other parameters such as irradiation or metallicity on this relation.
In this paper we present the discovery and characterization of two new low-mass transiting planets by the HATNet project (Bakos et al. 2004 ), called HAT-P-47b and HAT-P-48b. In Section 2 we summarize the detection of the photometric transit signal and the subsequent spectroscopic and photometric observations of each star to confirm the planets. In Section 3 we analyze the data to rule out false positive scenarios, and to determine the stellar and planetary parameters. Our findings are briefly discussed in Section 4.
OBSERVATIONS
HAT-P-47b and HAT-P-48b were discovered through a combination of photometric and spectroscopic observations. See previous HATNet transiting exoplanet (TEP) discovery papers for a general description of the method (e.g. Bakos et al. 2010; Latham et al. 2009 ). Below we summarize the observations that led to the two discoveries presented here. Identifying information for these stars is provided later in the paper (Table 7) . Table 1 summarizes the photometric observations that we performed of HAT-P-47 and HAT-P-48. These include discovery light curves obtained with the fully automated HATNet system, which were generated and filtered for noise following Bakos et al. (2010) . These light curves were searched for periodic transit signals using the Box Least-Squares (BLS; see Kovács et al. 2002) method, leading to the identification of HAT-P-47 and HAT-P-48 as candidate TEP systems (Figure 1 ) with the following properties:
Photometric detection
• HAT-P-47 -GSC 2324-00031 (also known as 2MASS 02331396+3021377; α = 02 h 33 m 13.97s, δ = +30
• 21 ′ 37.8 ′′ ; J2000; V = 10.694 ± 0.063, Droege et al. 2006) . A signal was detected for this star with an apparent depth of ∼3.8 mmag, and a period of P = 4.7322 days. Discrete Fourier Transformation (DFT) frequency spectrum did not detect any component in excess of 0.5 mmag amplitude in the [0, 50] cycles/day frequency range. No significant second frequency peak was seen in the BLS spectrum.
• HAT-P-48 -GSC 2326-00214 (also known as 2MASS 02575301+3037324; α = 02 h 57 m 53.03s, δ = +30
• 37 ′ 32.5 ′′ ; J2000; V = 12.16 ± 0.11, Droege et al. 2006) . A signal was detected for this star with an apparent depth of ∼6.4 mmag, and a period of P = 4.4087 days. The DFT frequency spectrum showed no significant peak in excess of 0.6 mmag in the range of [0,50] cycles/day.
Reconnaissance Spectroscopy
High-resolution, low-S/N "reconnaissance" spectra were obtained for HAT-P-47 and HAT-P-48 using the Tillinghast Reflector Echelle Spectrograph (TRES; Fűresz 2008) on the 1.5 m Tillinghast Reflector at the Fred Lawrence Whipple Observatory (FLWO) in AZ. The reconnaissance spectroscopic observations and results for each system are summarized in Table 2 . The observations were reduced and analyzed following the procedure described by Quinn et al. (2012) and Buchhave et al. (2010) .
Based on the observations summarized in Table 2 we find that both targets are dwarf stars with radial velocity (RV) root mean square (rms) residuals consistent with no detectable RV variation within the 200 m s −1 precision of the measurements. All spectra were single-lined, i.e., there is no evidence that any of these targets consist of more than one star.
High resolution, high S/N spectroscopy
We proceeded with the follow-up of each candidate by obtaining high-resolution, high-S/N spectra to characterize the RV variations, and to refine the determination of the stellar parameters. The observations were made with HIRES (Vogt et al. 1994 ) on the Keck-I telescope in Hawaii, with FIES on the Nordic Optical Telescope on the island of La Palma, Spain (Djupvik & Andersen 2010) , and with the High-Dispersion Spectrograph (HDS; Noguchi et al. 2002) on the 8.2 m Subaru telescope in Hawaii. For HIRES and HDS we used an I 2 absorption cell, while for FIES we relied on simultaneous ThAr spectra to determine the wavelength correction. All but one of the HIRES observations were obtained with the C2 decker which provides a resolution of R = 45,000, with the remaining observation made with the B5 decker on the night of 01 Sep 2011. This latter decker provides the same resolution as C2, but with a shorter slit length. For the FIES observations we used the high-resolution fiber yielding a spectral resolution of R = 67,000, while for HDS we used the 0. ′′ 6 × 2. ′′ 0 slit yielding a spectral resolution of R = 60,000. The HIRES observations were reduced to radial velocities in the barycentric frame following the procedure described by Butler et al. (1996) ; the FIES observations were reduced following Buchhave et al. (2010) ; and the HDS observations were reduced following Sato et al. (2002 Sato et al. ( , 2012 . The RV measurements and uncertainties are given in Tables 3 and 4 for HAT-P-47 and HAT-P-48, respectively. The periodfolded data, along with our best fit described below in Section 3 are displayed in Figures 2 and 3 .
In each figure we show also the spectral line bisector spans (BSs) computed from the Keck/HIRES spectra following Torres et al. (2007) and the S activity index calculated following Isaacson & Fischer (2010 ). The observations for each target are summarized in Table 1 .
The reduction of the KeplerCam images to light curves was performed as described by Bakos et al. (2010) . The FTN and BOS images were reduced in a similar manner. We performed external parameter decorrelation (EPD) and the trend filtering algorithm (TFA) to remove trends simultaneously with the light curve modeling (for more details, see Bakos et al. (2010) Note. -Note that for the iodine-free Keck/HIRES template exposures we do not measure the RV but do measure the BS and S index. Such template exposures can be distinguished by the missing RV value. For the Subaru iodine-free template we did not measure the BS and S index (consequently, it is missing from the table). We exclude BS measurements for a handful of measurements which were heavily affected by contamination from scattered moonlight. a Barycentric Julian Date calculated directly from UTC, without correction for leap seconds. b The zero-point of these velocities is arbitrary. An overall offset γ rel fitted independently to the velocities for each instrument has been subtracted. c Internal errors excluding the component of astrophysical jitter considered in Section 3.2. d Chromospheric activity index.
The analyses of our reconnaissance spectroscopic observations discussed in Section 2.2 rule out many of the astrophysical false positive scenarios for HAT-P-47 and HAT-P-48. To rule out remaining scenarios we conduct an analysis similar to that done in Hartman et al. (2011 Hartman et al. ( , 2012 . This involves modeling the available light curves, absolute photometry, and stellar atmospheric parameters as a combination of three stars (either a hierarchical triple, or an unresolved blend between a foreground star and a background eclipsing binary system) using the Padova isochrones (Girardi et al. 2002) to constrain the properties of the stars in the simulated systems. For each simulation we also predict the RVs and BS values that would have been measured with Keck/HIRES at the times of observation, and we compare them with the actual observations.
We find that for HAT-P-47 the photometry and measured stellar atmospheric parameters rule out hierarchical triple eclipsing stellar binary systems with the more massive of the eclipsing stars having M < 0.89 M ⊙ , or blended eclipsing binary systems where the background eclipsing binary has a distance modulus that is more than 2.25 mag larger than the distance modulus to the foreground star. In both cases these are 5σ limits based on Monte Carlo simulations which allow for the possibility of time-correlated noise in the photometry. We also find that the simulated RV and BS measurements exclude hierarchical triple systems where the more massive of the eclipsing stars has M > 0.69 M ⊙ , or blended systems where the difference in distance moduli is less than 3.35 mag. Systems excluded by these limits would show RV and/or BS scatter (RMS) that is at least 5 times greater than what was observed. Combining these constraints we conclude that HAT-P-47 cannot be a hierarchical triple eclipsing stellar binary system, or a blend between a foreground star and a background eclipsing binary.
The analysis for HAT-P-48 yields a similar result. Here the photometry rules out hierarchical triples with the more massive of the eclipsing stars having M < 0.88 M ⊙ or blended eclipsing binary systems with distance moduli differences > 1 mag, while the simulated RV and BS measurements exclude hierarchical triples with M > 0.69 M ⊙ , or blended eclipsing binary systems with dis- tance moduli differences < 2.35 mag. As for HAT-P-47 we conclude that HAT-P-48 cannot be a hierarchical triple eclipsing stellar binary system, or a blend between a foreground star and a background eclipsing binary.
While we exclude the possibility that either object is solely a combination of stellar mass components, we cannot rule out the possibility that either system is a combination of two stars (physically associated, or aligned on the sky by chance), one of which hosts a planet. However, given the absence of evidence that either object is composed of more than one star, we proceed by analyzing both objects as single stars orbited by transiting planets.
Global modeling of the data
We analyzed both systems following the procedure of Bakos et al. (2010) as amended by Hartman et al. (2012) . To summarize: (1) we determine stellar atmospheric parameters for each star by applying the Stellar Parameter Classification method (Buchhave et al. 2012) to the Keck/HIRES iodine-free template spectra; (2) we then conduct a Markov-Chain Monte Carlo (MCMC)-based modeling of the available light curves and RVs, which, among others, results in a posterior distribution for the mean stellar density. We fix the limb darkening coefficients to values taken from Claret (2004) for the measured atmospheric parameters; (3) we use the effective temperatures and metalicities of the stars measured from the spectra, together with the above determined stellar densities to derive the stellar properties based on the Yonsei-Yale (YY) theoretical stellar evolution models (Yi et al. 2001 ). The stellar properties so-determined include the masses, radii and ages. We also determine the planetary parameters (e.g. mass and radius) which depend on these values; (4) we re-analyze the Keck/HIRES spectra fixing the stellar surface gravities to the values found in (3), and we go back to steps (2) and (3).
For both systems we conducted the analysis twice: fixing the eccentricity to zero, and allowing it to vary. For each system we find that the eccentricity is consistent with zero, but with a poor constraint (the 95% upper limits on the eccentricity are e < 0.31 for HAT-P-47b and e < 0.46 for HAT-P-48b). Following Anderson et al. (2012) we adopt the parameter values associated with the fixed circular orbits. The adopted stellar parameters are given in Table 7 while the adopted planetary parameters are given in Table 9 . We find that HAT-P-47 is a 1.387 ± 0.038 M ⊙ mass star with a radius of 1.515±0.040 R ⊙ , and is located at a reddening-corrected distance of 268 ± 7 pc, while HAT-P-48 is a 1.099 ± 0.041 M ⊙ mass star with a radius of 1.223 ± 0.046 R ⊙ , and is located at a reddeningcorrected distance of 305 ± 12 pc. The respective planets have masses of 0.206 ± 0.039 M J and 0.168 ± 0.024 M J , and radii of 1.313 ± 0.045 R J and 1.131 ± 0.054 R J . The parameters which result when the eccentricities are allowed to vary are listed in Tables 8 and 10 . 4 . DISCUSSION We show the location of HAT-P-47b and HAT-P-48b on a mass-radius diagram in Fig. 6 Table 9 . from our privately maintained database of up-to-date exoplanet parameters, which is broadly consistent with the NASA exoplanet archive 20 . HAT-P-47b and HAT-P-48b are the two lowest density sub-Saturn planets, and they are the two lowest mass planets discovered to date with radii larger than Jupiter. If all planets are considered with δ(M p ) < 20% (314 of them, as of 2016 April 20), HAT-P-47b is the 4th lowest density, and HAT-P-48b is the 11th lowest density exoplanet. While the orbital solution for both planets is broadly consistent with circular orbits, it is possible that they are on slightly eccentric orbits, which could contribute to their large radii via tidal heating. Carrying out measurements of the occultations (secondary eclipses) of these planets could help in constraining their eccentricities.
We also plot the mass-density diagram, this time not limiting ourselves to M p < 0.3 M J , but considering all transiting sub-stellar objects with relative error on mass < 20% (Fig. 7) . HAT-P-47b and HAT-P-48b clearly fall in a so-far unpopulated region of the parameter space: they are somewhat detached from the rest of the population in being light and very low density. Both objects fall close to, but below the approximate locus of Neptunian-to-Jovian class transition point of ∼ 0.4 M J (Chen & Kipping 2016) .
When plotting the mass vs. the semi-major axis of the planets (M p sin i for non-transiting radial velocity detections), HAT-P-47b and HAT-P-48b fall in the "desert" between hot (small semi-major axis) Jupiters and hot super Earths (Fig. 8) . This area of the parameter space has been coined the short-period Neptunian "desert" a SPC = "Stellar Parameter Classification" method based on cross-correlating high-resolution spectra against synthetic templates (Buchhave et al. 2012 ). These parameters rely primarily on SPC, but have a small dependence also on the iterative analysis incorporating the isochrone search and global modeling of the data, as described in the text. b YY+a/R⋆+SPC = Based on the YY isochrones (Yi et al. 2001 ), a/R⋆ as a luminosity indicator, and the SPC results. c V band extinction determined by comparing the measured 2MASS and TASS photometry for the star to the expected magnitudes from the YY+a/R⋆+SPC model for the star. We use the Cardelli et al. (1989) extinction law. d Chromospheric activity index defined in Noyes et al. (1984) determined from the Keck/HIRES spectra following Isaacson & Fischer (2010) . In each case we give the average value and the standard deviation from the individual spectra. 376 ± 67 YY+a/R⋆+SPC a Quantities and abbreviations are as in Table 7 , which gives our adopted values, determined assuming circular orbits. We do not list parameters that are independent of the eccentricity. Reciprocal of the half duration of the transit used as a jump parameter in our MCMC analysis in place of a/R⋆. It is related to a/R⋆ by the expression ζ/R⋆ = a/R⋆(2π(1 + e sin ω))/( . c Values for a quadratic law, adopted from the tabulations by Claret (2004) according to the spectroscopic (SPC) parameters listed in Table 7 . d Error term, either astrophysical or instrumental in origin, added in quadrature to the formal RV errors for the listed instrument such that χ 2 per degree of freedom is unity. For both HAT-P-47 and HAT-P-48 we did not add jitter to the Subaru/HDS RV errors because the formal errors for these observations exceeded the scatter in the RV residuals. e Correlation coefficient between the planetary mass Mp and radius Rp. f Planet equilibrium temperature averaged over the orbit, calculated assuming a Bond albedo of zero, and that flux is reradiated from the full planet surface. g The Safronov number is given by Θ = HAT-P-47b and HAT-P-48b are highlighted by large boxes. The size of the points scales with planetary radius, while the color indicates equilibrium temperature (as in Fig. 6 ). HAT-P-47b and HAT-P-48b fall in a so-far unpopulated region of the parameter space; they are the lowest density sub-Saturn objects. Solar system planets are marked with blue triangles. 
a Quantities and definitions are as in Table 9 , which gives our adopted values, determined assuming circular orbits. Here we do not list parameters that are effectively independent of the eccentricity. (Szabó & Kiss 2011; Mazeh et al. 2016 , and references therein). A similar desert has been identified for planets around M-dwarf host stars (Gaidos et al. 2016 ). The desert is especially pronounced for P < 5 days, so with their respective periods of 4.7322 d and 4.4087 d, both objects are on the "edge" of the desert. One possible explanation for the lack of planets in this domain is that small gaseous objects can not survive the proximity of the star, unlike large gaseous objects (hot Jupiters), or small, dense, rocky planets. Measuring the Rossiter-McLaughlin effect (R-M; Queloz et al. 2000; Winn et al. 2005 ) for HAT-P-47b and HAT-P-48b would provide an interesting test of the hypothesis that the obliquities of close-in giant planets were initially nearly random, and that subsequent star-planet tidal interactions act to reduce the obliquities (e.g., Albrecht et al. 2012 ). With effective temperatures of 6703 ± 50 K and 5946 ± 50 K, HAT-P-47 and HAT-P-48 are expected to have radiative and convective envelopes, respectively. While most close-in transiting planets around stars with convective envelopes have been found to be on low-obliquities orbits, those around radiative envelope stars have been found to have a wide range of obliquities (Winn et al. 2010) . If this difference is the result of a dependence on stellar mass of the dominant planet migration pathway, then we might expect HAT-P-48b to be on a low-obliquity orbit while HAT-P-47b would likely be misaligned. If, however, the low obliquity orbits are the result of tidal interactions, then based on Figure 24 of Albrecht et al. (2012) we would expect both HAT-P-47b and HAT-P-48b to be misaligned. This is due to the low planet masses, and the resulting long tidal interaction timescales (Equations 2 and 3 from Albrecht et al. 2012 , which in turn are taken from Zahn 1977), even for HAT-P-48 with its convective envelope. HAT-P-48b is at an interesting mass where we expect the tidal interaction to be comparable to WASP8b, a misaligned planet around a convective envelope star which has a mass of 2.2 M J , but a long orbital period of 8.16 days (Queloz et al. 2010) . Measuring the R-M effect is feasible for both systems. Assuming aligned orbits, we expect HAT-P-47b to have an R-M amplitude of 68 m s −1 , while HAT-P-48b would have an amplitude of 20 m s −1 . Which, given the magnitudes and RV jitter, should be detectable from single transits with Keck/HIRES.
Finally, we calculate the expected transmission spectroscopy signature for both planets as δ = 5 × 2R p H/R 2 ⋆ (Perryman et al. 2014) , where H is the scale height of the atmosphere. In calculating the latter quantity, we assume the molecular weight of pure molecular hydrogen, and the equilibrium temperature and surface gravity of the planet as determined from our analysis (Tab. 9). Once δ is known, we then calculate the K-band flux of the star, and multiply by δ, to come up with an approximate measure of the transmission signal. This quantity does not take into account the detailed (expected) spectrum of the planetary atmosphere, but is an order of magnitude estimate of the signature. The results are plotted in Fig. 9 for planets with M p ≤ 0.25 M J . For both HAT-P47b and HAT-P-48b the expected transmission signature is amongst the largest for sub-Saturn objects, making these new discoveries especially valuable. 
